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Abstract
Taking into account the stringent limits from helioseismology ob-
servations on possible matter density fluctuations described by magne-
tohydrodynamics theory, we find the corresponding time variations of
solar neutrino survival probability due to the resonant spin-flavor pre-
cession phenomenon with amplitude of order O(10%). We discuss the
physics potential of high statistics real time experiments, like as Su-
perkamiokande, to observe the effects of such magnetohydrodynamics
fluctuations on their data. We conclude that these observations could
be thought as a test of the resonant spin-flavor precession solution to
the solar neutrino anomaly.
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1 Introduction
According to all attempts to build a solution to the solar neutrino anomaly
based on the resonant spin-flavor precession mechanism [1], when one as-
sumes a neutrino magnetic moment of order µν = 10
−11µB, which is slightly
below its present experimental limit [2], an average magnetic field of order
104 G [3, 4] is required to conciliate the present solar neutrino experimental
data [5]-[9] and solar neutrino theoretical predictions [10]-[15]. Using these
typical values for the solar magnetic field we observed [16] that magnetohy-
drodynamics [17, 18] naturally predicts the existence of solar magnetic os-
cillations which period is of the order of 1 to 10 days. Resonant spin-flavor
precession mechanism generates a solution to the solar neutrino anomaly
only if neutrinos are very sensitive to the magnetic field as well as matter
density profiles inside the Sun and, in particular, are very sensitive also to
the magnetohydrodynamics fluctuations of these quantities. Therefore we
expect that these fluctuations will generate an accordingly fluctuating ex-
perimental neutrino counting rate. The corresponding observable signal of
this phenomenon is a periodical time fluctuation of the solar neutrino flux,
in particular, in the high energy portion of the solar neutrino spectrum, de-
tected in present real time experiments [9, 19]. These effects can be thought
as a test to the resonant spin-flavor precession solution to the solar neutrino
problem since they can clearly be distinguished from other sources of time
modulation in the solar neutrino observations like the effect of seasonal vari-
ation of the Sun-Earth distance on vacuum oscillations, MSW effects at the
Earth, and solar magnetic activity related to the appearance of sunspots on
the solar surface.
In general, magnetohydrodynamics [17, 18] predicts two different kinds
of stable fluctuations. Alfve´n waves, when transverse oscillations of the fluid
with respect to the magnetic field and the propagation vector are present
and, therefore, no fluctuation of matter density or pressure is observed. And
magnetosonic waves, which present longitudinal oscillations of density with
respect to the propagation vector. In reference [16] we analyzed the effects
of purely Alfve´n waves where only magnetic fluctuations affects the solar
neutrino survival probability. Nevertheless, if matter density perturbations
are present in the way described by magnetohydrodynamics, their effects
can be important for the relevant high energy neutrinos observed in real
time experiments [9, 19]. There are two main reasons which can be evoked
to justify this. The presence of matter suppresses, in general, the neutrino
spin-flavor precession mechanism, once that matter appears in the diagonal
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entries of the evolution matrix, which are spin-flavor conserving. That is why
the presence of a resonance, a position along the neutrino trajectory where
the matter effects are cancelled by a term proportional to the squared mass
difference divided by the neutrino energy, is important for the neutrino spin-
flavor conversion. Therefore, fluctuations of the matter density can generate
modifications in this resonance cancellation leading to important variations
on the final probability of neutrino spin-flavor precession. The second reason
to consider the effect of density fluctuations is the peculiar behavior of the
adiabaticity parameter in the resonant spin-flavor precession phenomenon.
In fact, several authors discussed the effect of density variations on the solar
neutrino matter enhanced transitions, the MSW effect [20]. In this context,
they conclude that the effects of density perturbations on transitions of solar
neutrinos may be substantial if these perturbations occur in the central
region of the Sun and therefore only low energy neutrinos are sensitive to
such effects since their resonance layer occurs deeper in the Sun. Note
however that this conclusion cannot be straightforward invoked here. While
the adiabaticity increases with increasing resonance density for the MSW
effect, it is inversely proportional to the resonance density for the spin-
flavor precession phenomenon and the effects of density perturbations in the
solar convective zone may be important. This low density region is relevant
for high energy solar neutrinos since a resonance for such neutrinos can be
found there. Consequently high neutrinos observed in real time experiments
can be sensitive to matter fluctuations in this region.
In this paper we investigate the impact of matter density fluctuations
induced by sonic magnetohydrodynamics waves on observable time fluctu-
ations of high energy solar neutrino flux detected in real time experiments
and compare these effects with consequences from purely magnetic (Alfve´n)
fluctuations. We conclude that both magnetic and density fluctuations can
be equally relevant, although matter density fluctuations are much more
constrained from helioseismology observations. Taking into consideration
such constraints, we still expect to find periodical time fluctuations in solar
neutrino counting rate due to magnetohydrodynamics matter density waves
of order of 10% of the total number of events.
3
2 Magnetohydrodynamics and neutrino spin-flavor
precession
We are assuming a non-vanishing neutrino transition magnetic moment. In
this case, the interaction of neutrinos with a magnetic field will generate
spin-flavor precession which is given by the evolution equations [21]
i ddr
(
νR
νL
)
=
( √
2
2
GFαNe(r)− ∆4E µν | ~B⊥(r)|
µν | ~B⊥(r)| −
√
2
2
GFαNe(r) +
∆
4E
)(
νR
νL
)
(1)
where νL (νR) is the left (right) handed component of the neutrino field,
∆ = |m2L−m2R| is their squared mass difference, E is the neutrino energy, GF
is the Fermi constant, Ne(r) is the electron number density distribution and
| ~B⊥(r)| is the transverse component of the magnetic field. Finally we have
α = 5/6 for Majorana neutrinos, in which case the final right-handed states
νR are active nonelectron antineutrinos. For Dirac neutrinos, α = 11/12, in
which case the right-handed final states are sterile nonelectron neutrinos [21].
In this paper we will assume Majorana neutrinos. Note however that the
multiplicative factor 11/10 which has to be included in α for Dirac neutrinos
does not lead to important alterations in our conclusions, which are, in this
way, valid for Majorana or Dirac neutrinos.
From Eq. (1) we observe that the neutrino spin-flavor precession mecha-
nism depends on both the magnetic field | ~B⊥(r)| as well as the matter den-
sity distribution Ne(r) along the solar neutrino trajectory. These quantities
are affected by magnetohydrodynamics fluctuations. In order to describe
them, we consider the linearized magnetohydrodynamics equations [17, 18],
following the same steps of reference [16], where magnetohydrodynamics
spectrum is generated by small displacements ~ξ from an equilibrium config-
uration. We are particularly interested in the magnetic and matter density
fluctuations generated by the displacement ~ξ given, respectively, by [22]
δ ~B = ~∇× (~ξ × ~B0) and δρ = ~∇ · (ρ~ξ). (2)
where ~B0 is the equilibrium magnetic field configuration assumed to be the
one relevant to the solar neutrino problem described in reference [3] and ρ is
the solar matter distribution calculated in the standard solar model [10]-[14].
A crucial region of the magnetohydrodynamical spectrum is the contin-
uum region which is associated with singularities of the Hain-Lu¨st equa-
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tion [16, 22]. This happens when the frequency of the magnetohydrody-
namical fluctuation is equal to
w2A =
k2B20
ρ
or w2S =
γp
γp+B20
k2B20
ρ
, (3)
where p is the pressure and γ = Cp/Cv is the ratio of specific heats. w
2 = w2A
and w2 = wS define the Alfve´n and slow continuum regions in the magneto-
hydrodynamical spectrum [22]. Magnetic waves and matter density fluctua-
tions associated with these frequencies are called localized modes since they
present the interesting feature of been highly peaked around the position,
rs, where the singularity occurs [23].
In order to numerically overcome the singularities associated with the
continuum spectra, a resistivity layer in the position of the singularity is
introduced [24]. The width of this layer is directly related with the width
δr of the localized magnetic or matter density fluctuation which can be
estimated [25]:
δr ≈ 8π
(
η
µ0ω(rs)
)1/3 (2B′
B
− ρ
′
ρ
)−1/3
, (4)
where µ0 is the vacuum permeability. In our particular scenario, δr can
achieve 10−1 (normalized by the solar radius).
To analyze the consequences of the localized waves on the solar neutrino
observations, we have now to define the amplitude of possible magnetic
and matter density fluctuations. The solar magnetic field is relatively free
to fluctuate since the magnetic pressure B2/8π is negligibly small when
compared with the dominant gas pressure p [10] if we consider the matter
density distribution ρ predicted by the standard solar model and the mag-
netic field strength of order of those ones required to solve the solar neutrino
anomaly [3]. In fact, in this case, B2/8πp varies from approximately 10−6
in the central regions of the Sun to order 10−4 close to the solar surface.
From this argument, the magnetic field can be as large as 109 G in the solar
core or 107 G in the solar convective zone. More stringent bounds on the
magnetic field in the convective zone are found in refs. [26, 27] where the
discussion is based on the non-linear effects which eventually prevents the
growth of magnetic fields created by the dynamo process. By equating the
magnetic tension to the energy excess of a sinking element at the bottom of
the convective zone, Schmitt and Rosner [26] obtained few times 104 G as an
upper bound. Therefore fluctuations of the solar magnetic field of the same
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order of magnitude of the magnetic field used in reference [3] can be found
inside the Sun. Despite this fact, they cannot be arbitrarily large when
we are considering the linearized magnetohydrodynamics equations [16, 22].
This implies that the displacements ~ξ must be small, |~ξ| < 1, such that the
non-linear terms can be neglected. This implies that |δ ~B|/| ~B0| < 1. The
error associated with this approximation is σ ≈ (|δ ~B|/| ~B0|)2. The maxi-
mum possible value for the ratio |δ ~B|/| ~B0| is related with a clear statistical
distinction between the maximum and the minimum value of the perturbed
magnetic field, which is given approximately by (|δ ~B|/| ~B0|)/σ (in units of
σ). To have a minimum 2-σ distinction between the maximum and mini-
mum magnetic field, we must have a maximum value of the perturbation
≈ |δ ~B|/| ~B0| = 0.5.
Something very different happens with possible matter density fluctua-
tions. In fact, they are very constrained by helioseismology observations.
The largest density fluctuations δρ inside the Sun are induced by temper-
ature fluctuations δT due to convection of matter between layers with dif-
ferent local temperatures. An estimate of such effect is presented in refer-
ence [28] and gives
δρ
ρ
= mpg(r − r0)δT
T 2
=
r − r0
R0
δT
T
(5)
where mp is the nucleon mass, g(r) is the gravity acceleration and R0 ≈
0.09×R⊙ (R⊙ is the solar radius) is a numerical factor coming from the ap-
proximately exponentially decreasing standard matter density distribution
inside the Sun [10]. Since
√
< δT 2 >/T ≈ 0.05 is not in conflict with helio-
seismology observations [29], taking (r − r0)/R0 ≈ 1, we have to consider
density fluctuations δρ/ρ smaller than 10%. In fact, in an accurate anal-
ysis of helioseismology consequences on matter density fluctuations [30] it
was concluded δρ/ρ can be very large (larger than 10%) only for very inner
parts of the Sun (r < 0.04) as well as for very superficial regions (r > 0.98).
For 0.04 < r < 0.25, δρ/ρ decreases approximately linearly and achieves its
smaller value 2% in r ≈ 0.25. Finally in the region where 0.4 < r < 0.9, δρ/ρ
is approximately 5%. We impose these constraints as boundary conditions
for the amplitudes of density fluctuations we will consider in the following.
Finally we can analyze the consequences of the localized magnetohydro-
dynamics modes on the solar neutrino flux solving the neutrino evolution
equations when a non-vanishing neutrino transition magnetic moment µν is
assumed. We will adopt here a phenomenological approach, in close analogy
to what was done in reference [16]. We will assume that magnetohydrody-
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namics introduces gaussian shaped fluctuations which will be added to the
equilibrium configuration of both matter density and/or magnetic field pro-
file. This gaussian perturbation is centered in rs, with width δr. For the
matter density fluctuation we have:
δρ(r, t) = ǫρρ(rs) exp
[
−
(
r − rs
δr
)2]
sin [w(rs)t] , (6)
where ǫρ is the fluctuation amplitude normalized to the value of the stan-
dard matter density ρ(r) calculated in the position of the singularity rs
and δr is the width of the fluctuation. The frequencies w(rs) = wA or
w(rs) = wS are given in equation (3) and introduce a periodical time modu-
lation on the standard matter density profile. Similarly, our assumption for
the magnetic fluctuations is obtained from the above equation substituting
ρ → B0, i.e., the standard matter density by the equilibrium field profile.
Therefore the final matter density (as well as the magnetic field profile) will
be given by some equilibrium profile summed to the perturbation shown in
Eq. (6). We will assume the parameter ǫρ and ǫB varying from 0 to 0.05,
which means that the matter density as well as the magnetic field fluctuate
around their equilibrium values with maximum amplitude around 5% of this
value. These fluctuations will generate an according time fluctuation of the
neutrino counting governed by the evolution equations (1).
Since we have a very stringent experimental limit on the neutrino mag-
netic moment [2], a large magnetic field is necessary to find a relevant spin-
flavor conversion of neutrinos which propagating through it. In this paper
we will consider a magnetic field profile proposed in reference [3] which is as
large as 106 to 107G in the central regions of the Sun and fall by two orders
of magnitude when the convective zone is reached [31]:
B0(r) =

 a1
(
0.2
r+0.2
)2
G for 0 < r ≤ 0.7
BC for r > 0.7 ,
(7)
where BC is the magnetic field in the convective zone given by the following
profiles:
BC = a2
[
1−
(
r − 0.7
0.3
)n]
G for 0.7 < r ≤ 1.0 (8)
or
BC = a2
[
1 + exp
(
r − 0.95
0.01
)]−1
G for 0.7 < r ≤ 1.0 . (9)
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a1 ≈ 105 − 107 and a2 ≈ 104 − 105 in such a way that the continuity of
the magnetic field at the point r = 0.7 is satisfied and n = 2, 6 and 8. We
assume also that the magnetic equilibrium profile B0(r) is in the z direction.
For the solar scenario, γp >> B20 and therefore wA ≈ wS .
In Figure 1 we show the periods of the magnetic and matter density
fluctuations associated with the continuum spectra given in (3) for several
magnetic field profiles given by the Eqs. (7)-(9). We observe that for the
considered magnetic fields typical periods vary from O(1) to O(10) days.
Time fluctuations of solar neutrino observations presenting periods of this
order of magnitude constitute the most important signal of the existence of
solar magnetohydrodynamics fluctuations and a crucial test for the resonant
spin-flavor neutrino precession mechanism to the solar neutrino problem [35].
3 Results
The results of our analysis are shown in Figure 2. The fluctuations of the
magnetic and matter density induce fluctuations in the survival probability
P (νL → νL), which is calculated solving the Eqs. (1). In this figure we
present the amplitude ∆P of the fluctuations of the survival probability as
a function of ∆m/4E, for some values of rS , the position of the localized
mode. We show the phenomenon for rS = 0.5, 0.9 and for the value of rS
which gives the maximum probability amplitude, usually around rS ≈ 0.7.
We adopted the magnetic field profile given in Eqs. (7) and (8), with n = 6
and µν = 1 × 10−11µB. Other magnetic field profiles shown in Eqs. (7),
(8) and (9) generate very similar consequences of magnetohydrodynamics
fluctuations on the solar neutrino survival probability and we will not show
them here. We assumed ǫρ and ǫB in Eq. (6), i.e., the relative amplitude of
matter density and magnetic field profile fluctuations, respectively, to vary
from 0 to 5% as it is indicated in Figure 2. Also, vertical lines indicate
the value of Log(∆m/4E) corresponding to a resonance coinciding with
the indicated singularity rS . We can observe that the fluctuations of the
survival probability are maxima near the regions of the resonances and are
well localized in ∆m/4E for rs ≤ 0.7.
We verified also that, for fixed values of rS and ∆m/4E, the corre-
sponding probability amplitude varies linearly with the magnitude of the
amplitude of the matter density δρ and/or magnetic field fluctuation δ ~B.
For instance, when ǫρ = ǫb, the maximal probability fluctuation correspond-
ing to the magnetic fields given in Eq. (8) occurs in rS = 0.69 and can be
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written as ∆P ≈ 2.20 × 10−2ǫρ for n = 2, ∆P ≈ 2.48 × 10−2ǫρ for n = 6
and ∆P ≈ 2.64 × 10−2ǫρ for n = 8. Considering the exponential behav-
ior for the magnetic field in the convective zone, the maximal amplitude
of survival probability occurs in rS = 0.68 and presents the following lin-
ear behavior with ǫρ: ∆P ≈ 2.81 × 10−2ǫρ. Therefore, given the results of
Figure 2, one can easily infer the amplitude of the survival probability for
other values of δρ and δ ~B. Note that this approximately linear behavior is
valid for ǫρ < 0.2, which includes the physical limit for helioseismologically
acceptable variations of the matter density.
From Figure 2, we observe also that the maximal effect of the matter
density and/or magnetic field fluctuation on the survival probability occurs
if these magnetohydrodynamics fluctuations are found in the beginning of
the convective zone where rS ≈ 0.7. This can be understood when we exam-
ine the behavior of the adiabaticity parameter for the spin-flavor conversion
phenomenon. As we have already mentioned, this parameter increases with
r and approaches the unit for r ≈ 0.7. In fact, it was pointed out previously
(see, for instance [36]) that this is a privileged situation for the neutrino
conversion. Note also that according to references [3, 4], the required value
of ∆m to find a solution to the solar neutrino anomaly is O(10−7) eV2 or
smaller. If ∆m = O(10−7) eV2, neutrinos of O(10) MeV in energy will expe-
rience their resonance around r = 0.7 and therefore will be very sensitive to
the maximal amplitude probability indicated in Figure 2. This is exactly the
energy range probed by real time experiments, like as Superkamiokande [9]
and SNO [19], which are, therefore, very suitable to investigate the hypoth-
esis of solar magnetohydrodynamics perturbations and their effects on solar
neutrinos.
After several hundred days of taking data, Superkamiokande observa-
tions are, in principle, able to verify the existence of time fluctuation with
period from O(1) to O(10) days. Unfortunately, these data are not published
nor available. Nevertheless we can argue the potential of this experiment
to perform such analysis. Figure 3 shows the amplitude of the expected
event rates in Superkamiokande experiment when we assume that a magne-
tohydrodynamics fluctuation is localized around rS ≈ 0.7. We convulated
the standard 8B-neutrino production spectrum [10], the νe − e− scattering
cross-section increasing linearly with energy and the experimental efficiency
which is approximately 20% for neutrino energies around 5 MeV up to a
maximum of 70% for neutrino energies of 10 MeV or larger. These event
rates are given in solar neutrino units (SNU) for several values of ∆m. We
observe that for ∆m = 3 × 10−7 eV2, the maximum event rate amplitude
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is obtained. I.e., after having been precessed due to the existence of a sonic
magnetohydrodynamical waves, the number solar neutrinos scattering with
Superkamiokande electrons fluctuates with amplitude around 0.003-0.004
SNU, if these neutrinos present energies around 8 and 10 MeV. This is ap-
proximately 10 - 15% of the total rate of scattering events in this energy
range. Note that if ∆m is different from the values shown in Figure 3, this
means that neutrinos with energies around 5 - 15 MeV will experience reso-
nance in a position different from rs ≈ 0.7 and, although not maximal, their
counting rate will still fluctuate.
4 Conclusions
Magnetohydrodynamics predicts magnetic as well as matter density fluc-
tuations in the Sun. The purpose of this paper is to analyze the effects
of possible solar matter density fluctuations on solar neutrino observations
taking into account the stringent limits on these fluctuations coming from
helioseismology. We verify also the potential of high statistics real time so-
lar neutrino experiments, like as Superkamiokande, to observe these effects.
We showed that the survival probability fluctuations of active solar neutri-
nos due to the resonant neutrino spin-flavor precession can be of order 10%
if amplitudes of the magnetic or matter density fluctuations ǫb or ǫρ are of
order of 5% (20% if ǫb = ǫρ =10%). Therefore, in order to make evident the
existence of these magnetohydrodynamics fluctuations in the Sun, we have
to look for solar neutrino data time fluctuations of this order in the time
scale compatible with the periods predicted by the theory. From Figure 1,
we see that relevant time scale can be of order O(1) to O(10) days. Col-
lecting O(20) events a day, Superkamiokande presents a statistics error of
approximately 10% in an interval of 5 days. Furthermore, a Fourier analysis
of the experimental observations fitting a period of time of the order of the
total period of Superkamiokande observation (of order of hundred days),
could drastically reduce the involved errors and the amplitudes of order of
10% shown in Figures 1 and 2 could be experimentally tested. There is
no available published solar neutrino data to conduct a conclusive analysis
of possible data fluctuation with period O(1 − 10) days. Analysis of time
fluctuations on solar neutrino data conducted up to now, privileged differ-
ent periods: exact 24 hours as a result of MSW effect inside the Earth, six
months to conciliate seasonal variation and neutrino vacuum oscillations or
11 years to verify solar magnetic activity effects on spin flip phenomenon.
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We conclude that Superkamiokande is potentially interesting to investi-
gating the effects on solar neutrino observations coming from magnetohy-
drodynamics fluctuations. The observation of these effects could be taken
as an evidence of the resonant spin-flavor precession mechanism in the Sun.
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Figure 1: Periods of the magnetohydrodynamics fluctuations for the
continuum spectra when the magnetic profile shown in Eq. (8) when n = 2,
n = 6, n = 8 and exponential profile of Eq. (9). We adopted the parameters
a1 ≈ 1.0× 106 G, a2 ≈ 4.0× 104 G and k ≈ 10−10 cm−1.0
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Figure 3: Amplitude ∆R of the expected event rates to Superkamiokande
experiment for some values of the mass square difference ∆m.
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